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Abstract: A compact versatile photoacoustic (PA) sensor for trace gas
detection is reported. The sensor is based on an integrating sphere as the PA
absorption cell with an organ pipe tube attached to increase the sensitivity
of the PA sensor. The versatility and enhancement of the sensitivity of the
PA signal is investigated by monitoring specific ro-vibrational lines of CO2
in the 2 µm wavelength region and of NO2 in the 405 nm region. The
measured enhancement factor of the PA signal exceeds 1200, which is due
to the acoustic resonance of the tube and the absorption enhancement of the
integrating sphere relatively to a non-resonant single pass cell. It is observed
that the background absorption signals are highly attenuated due to the
thermal conduction and diffusion effects in the polytetrafluoroethylene cell
walls. This demonstrates that careful choice of cell wall materials can be
highly beneficial to the sensitivity of the PA sensor. These properties makes
the sensor suitable for various practical sensor applications in the ultraviolet
(UV) to the near infrared (NIR) wavelength region, including climate,
environmental and industrial monitoring.
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1. Introduction
Versatile, highly sensitive, low cost and easy to operate trace gas detection systems are im-
portant for a number of practical applications, including climate, environmental and industrial
monitoring. Trace gas measurements in the MIR and NIR wavelength regions are particular im-
portant due to the presence of strong ro-vibrational bands of most molecules resulting in high
sensitivity [1–3]. Photoacoustic spectroscopy (PAS) is a very promising method due to its ease
of use, relatively low cost and the capability of allowing trace gas measurements at the sub-ppb
level [4–10]. These outstanding features of PAS can only be fully exploited using a suitable
designed acoustic resonator in combination with a high power light source due to the fact that
sensitivity is proportional to the optical power and the acoustic enhancement factor [11]. The
modulation frequency of the light source and thus the acoustic wave needs to be matched to
the resonance frequency of the acoustic cell, resulting in a PA signal amplified by the acous-
tic quality factor Q. High power and tunable light sources tend to be big and bulky and limit
the compactness of the spectrometer [12]. However, the PA signal may also be enhanced by
optical multi-pass techniques resulting in an increase of the sensitivity of the PA spectrometer
due to the increased light absorption path length from multiple reflection. Various multi-pass
and single-pass configurations have so far been exploited for PAS configurations, such as ring
cells, cavity based cells and transverse square cells [5,13–16]. However, most existing technolo-
gies with small and compact size have relatively low sensitivity and limited spectral resolution.
Therefore, novel solutions are desirable. The use of an integrating sphere as absorption cell sim-
plifies the sensor since the optical alignment is very simple and multiple passes automatically
are achieved. The sensor can be made compact and highly versatile. The integrating sphere
based PA sensor is in principle suited for many different detection techniques and has so far
mostly been used for direct absorption including various modulation techniques [17–20].
The scope of this paper is to demonstrate the signal enhancement and the versatilely of the
combination of an integrating sphere as multi-pass absorption cell and an attached organ pipe
tube as a coupled acoustic resonator. A PA sensor based on an integrating sphere manufactured
from polytetrafluoroethylene (PTFE) is presented. The PTFE material is a highly reflective in
the wavelength range 250 - 2500 nm (UV - NIR). In this region the average reflectivity of PTFE
is higher than > 95%. However due to the uniform distribution of the light field inside the in-
tegrating sphere acoustic resonances can not be exploited directly [11]. It is demonstrated that
the sensitivity of the PA sensor can be increased by attaching a 90 mm long organ pipe tube to
the integrating sphere thereby making use of the acoustic resonance of the tube. The versatil-
ity and enhancement of the PAS sensitivity of the integrating sphere has been investigated by
monitoring specific ro-vibrational lines of CO2 in the 2 µm wavelength region and of NO2 in
the 405 nm wavelength region [21–24]. The absolute sensitivity of the system is estimated to
a minimum single-shot detectable CO2 concentration in the 2 µm region of approximately 30
ppm and a minimum detectable NO2 concentration of 1.9 ppm at a SNR = 1. These two gases
are important in climate and environmental monitoring. NO2 is a toxic atmospheric pollutant
and is mainly emitted into the atmosphere due to combustion processes. The average mixing
ratio of NO2 in the atmosphere is typically between 5-30 parts per billion, however close to a
combustion engine it can be orders of magnitude higher. Enhancements exceeding 1200 of the
PA signal were observed. It is observed that the background absorption signals are highly atten-
uated due to the thermal conduction and diffusion effects in the PTFE cell walls. This suggests
that the background signal issue of typical PA measurements can be circumvented by appropri-
ate choice of cell wall materials in additional to careful optical alignment to ensure background
free PA measurements. This makes the sensor suitable for many practical applications in the
UV - MIR wavelength range, including climate, environmental and industrial monitoring of
trace gasses.
2. Theoretical considerations
The PA effect was first reported in 1881 by Bell [25], however, it was not until after the in-
vention of the laser that the effect found use in sensitive spectroscopy in the 1970s [26]. The
PA technique is based on the detection of sound waves that are generated due to absorption of
modulated optical radiation. A microphone is used to monitor the acoustic waves that appear
after the laser radiation is absorbed and converted to local heating via molecular collisions and
de-excitation in the PA cell [27]. The magnitude of the measured PA signal is given by [11]:
SPA = SmPFα, (1)
where P is the power of the incident radiation, α is the absorption coefficient, which depends
on the the total number of molecules per cm3 and the absorption cross section, Sm is the sen-
sitivity of the microphone and F is the cell-specific constant, which depends on the geometry
of acoustic cell and the quality factor Q of the acoustic resonance [1, 28]. Since according to
Eq.(1) the PA signal is proportional to the density of molecules the technique is able to measure
absorption directly, rather than deriving it from the transmission spectrum. However, the PAS
technique is not a metrological absolute technique and requires calibration using a certified gas
reference sample. Ideally, a highly sensitive PA system should amplify the sound wave and re-
ject acoustic and electrical noise as well as in-phase background absorption signals from other
materials in the cell (walls and windows). Eq. (1) shows that the sensitivity of the PA signal in-
creases with laser power. Higher sensitivity can thus be achieved either by increased laser power
or by overlapping laser beams multiple times through the gas sample. Various multi-pass and
single-pass configurations have sofar been exploited for PAS, including standard single pass
cylindrical cells, ring cells, cavity based and transverse square based [14, 15].
2.1. Integrating sphere as absorption cell
Using an integrating sphere as absorption cell simplifies the system. Integrating spheres are
typically used for a variety of optical, photometric or radiometric measurements. For integrating
spheres the measure for optical intensity enhancement is the so called sphere multiplier M that
accounts for the increase in radiance due to multiple reflections in the sphere. The multiplier
is simply a function of the average reflectance, ρ¯ , of the sphere and the initial reflectance for
incident radiant, ρ0, and is given by:
M =
ρ0
1− ρ¯ . (2)
The PTFE sphere used in this work has an average reflectance ρ¯ = 0.95 at 2 µm while at
405 nm it is ρ¯ = 0.98, where we have taken the apertures of the integrating sphere into account.
This results in multiplier values of 20 and 50, respectively. Thus enhancing the optical intensity
and hereby the sensitivity of the sensor by these factors. The total enhancement of the system
relative to a single-pass non-resonant PAS is therefore: Senhancement = Q×M.
In a typical PA systems the PA signal is enhanced by the acoustic resonances of the absorption
cell. Unfortunately the acoustic resonance cannot be exploited directly in the present setup
due to the uniform distribution of the light field inside the integrating sphere. This can be
seen from the overlap integral between the acoustic pressure field, p j, and the optical intensity
distribution I(r,ω). For a spatially constant optical field distribution we see [11] that for all
j except for j = 0 which is the only non-zero solution with an acoustic frequency of ω0 =
0. In order to overcome the constrains of the non-resonant integrating sphere and exploit the
acoustic resonances as an enhancement factor a 90 mm long organ pipe tube is attached to
the integrating sphere, thus allowing for an enhancement of the PAS signal due to the acoustic
resonance of the tube. Simulations of the coupled acoustic system (sphere and organ pipe)
were performed with a 3-dimensional model using a finite element model (FEM) multi-physics
simulation program COMSOL. The pressure acoustic module is used to solve the Helmholtz
equation. The boundary conditions were hard walls. The acoustic field is excited by applying
a uniform pressure on the sphere walls. The simulation conditions were 1 atm pressure and
at 25 ◦C and a speed of sound of 343 m/s. The simulations are shown in Fig. 1 and shows
the theoretical simulated frequency response of the coupled acoustic system. The tube material
is aluminum and the length and radius are 90 mm and 2 mm, respectively. The integrating
sphere absorption cell has a radius of 25.4 mm and the material is PTFE. These are the same
conditions as for the experimental realization. When the integrating sphere is excited by an
uniform pressure wave, no resonance is observed in the integrating sphere, however, acoustic
resonances in the organ pipe are excited. In Fig. 1(a) the first three eigenmodes of the coupled
acoustic system are shown and depicted as if a microphone were attached to the end of the
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Fig. 1. Simulations of the acoustic coupled system. (a) Acoustics pressure response as a
function of frequency for the organ pipe tube. (b) Acoustics pressure response as a function
of frequency for the sphere. The figure shows the 3D simulation of first three eigenfrequen-
cies of the coupled sphere and cylindrical acoustic resonator measured at end of the tube.
i) 743 Hz, ii) 2229 Hz and iii) 3716 Hz. The blue and red colors indicate the maximum and
minimum acoustic pressure, with opposite phase. The white color is zero acoustic pressure.
The corresponding experimental data is shown in Fig. 4.
organ pipe tube. The eigenfrequencies of the modes are at i) 743 Hz, ii) 2229 Hz and iii)
3716 Hz, respectively. Note that the first eigenfrequency is relatively low and for real practical
applications this could pose a potential problem since acoustic noise from the surroundings
would interfere with the PA signal. This can be circumvented by choosing a shorter organ
pipe tube, thus moving the resonance toward higher eigenfrequencies. Note that in a typical
experiment the light field is not necessarily completely uniform and acoustic resonances may
be excited in the integrating sphere. From the simulations this can be realised by exciting the
integrating sphere with a nonuniform pressure wave. The top figure in Fig. 1(b) shows the
theoretical simulated frequency response of sphere as if a microphone were attached to the
equator of the sphere, where a response at 1500 Hz and 3000 Hz is found. Note that in pure
CO2 and the speed of sound is approximately 267 m/s at 1 atm and 20 ◦C, thus it is expected
that the fundamental resonance is shifted to approximately 650 Hz for pure CO2.
3. Experimental setup
A typical experimental setup for PAS involves a light source, that is either mechanically
chopped or current modulated, and an absorption cell with microphones or a pressure sensitive
detector. Two experimental setups were used, one using a DFB laser light source for monitoring
specific ro-vibrational lines of CO2 in the 2 µm region and one using a LED light source for
investigating NO2 in UV/Blue region [27]. The schematics of these are shown in Fig. 2. The
laser based setup is shown in Fig. 2(a). The DFB laser emits light at 2.004 µm (±0.002µm) and
is used to probe the R(12) line of CO2. The laser wavelength was fine tuned by changing the
temperature allowing for a change of 0.26 nm/C. The 50.8 mm diameter integrating sphere was
manufactured from polytetrafluoroethylene (PTFE), which is a high reflective bulk material in
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Fig. 2. (a) The experimental setup for CO2 monitoring consist of a distributed-feedback
(DFB) diode laser emitting radiation at 2.004 µm, an integrating sphere with a diameter
of 50.8 mm and two microphones attached to the integrating sphere. One directly on the
integrating sphere and one attached via the 90 mm organ tube pipe. DAQ is a data acqui-
sition card. (b) The setup for measuring NO2 include a 405 nm LED source and a lock-in
amplifier connected to a DAQ card.
the wavelength range 250 - 2500 nm (UV - NIR). The reflectivity in this region is higher than
> 95%, resulting in a mean light path length of approximately 1.2 m. The light beam enters the
integrating sphere via an uncoated 3 mm thick calcium fluoride window. The optical transmis-
sion is 92% in the wavelength region 0.2-8 µm and the absorption coefficient is 10−4/cm. The
laser beam then hits the cell wall opposite of the window and is scattered so that the light field
is evenly distributed over all angles. Due to the placement of the window outside the sphere the
background signal is decoupled from the PA signal and was not detectable. Two microphones
were attached to the integrating sphere. One directly on the sphere and one at the end of the
organ tube pipe. The measurements were performed at the experimental conditions of 1 atm
and at 20 ◦C. The optical modulation was approximately 1.4 mW peak-to-peak. The amplitude
modulation of the optical field is made by switching the laser current on and off, thus generat-
ing the PA signal at this particular modulation frequency. However, pure amplitude modulation
is not easily achieved, as residual wavelength modulation also occurs. Alternatively, the PA
sensor could also be operated in the wavelength modulation mode in which case the PA signal
0.030
0.025
0.020
0.015
0.010
0.005
0.000
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00
Fig. 3. Enhancement factors of the integrating sphere based PA sensor for (a) CO2 and (b)
NO2. The black curves are the data recorded by Mic2 at the end of the organ pipe while
the red curves are the data recorded by Mic1, situated inside the sphere. The enhancement
factors for the two cases are indicated.
would be excited at the overtone frequency [29]. The data are collected with a DAQ card having
a bandwidth of 9 kHz at 50 ks/S and 12 bit resolution.
The schematics of the experimental setup for the NO2 measurements is shown in Fig. 2(b),
where the DFB laser has been substituted with a 405 nm LED having a 13 nm bandwidth
(FWHM). The NO2 molecule has a strong and broad absorption spectrum covering the 250-
650 nm spectral, however, below 415 nm photochemical dissociation of NO2 occurs [30, 31].
Above 415 nm approximately 90% of the absorbed light is converted to heat/pressure through
the PA effect. The data is processed using a lock-in amplifier. The LED modulation is controlled
by a signal generator, which also acts as the local oscillator for the lock-in amplifier. The peak-
to-peak modulation is 130 mW, and approximately 80 mW is coupled into the sphere. The data
from the lock-in amplifier is collected with a DAQ card with a bandwidth of 9 kHz at 256 ks/S
and 16 bit resolution.
3.1. Results
Fig. 3 shows the enhancements of the PA signal due to the acoustic resonance of the organ
pipe tube. The PA signals from the two microphones are shown; one at the end of the organ
pipe (Mic2, black curve) and one directly attached to the sphere (Mic1, red curve). The latter
provides the non-resonant signal. The signal shown in Fig. 3(a) is due to a pure CO2 filled
sphere. The PA signal (sensitivity) is enhanced by factor of approximately 58 compared with
the non-resonant signal. It can be concluded that the Q-factor of the organ pipe is approximately
58. The signal shown in Fig. 3(b) is due to a 300 ppm NO2 in N2 filled sphere. The PA signal
is enhanced by a factor of approximately 30. However this enhancement factor is probably
slightly higher if the background absorption is taken into account and also the interference from
ambient noise. The enhancement due to the long path length provided by the sphere compared
with a single pass absorption cell can be estimated from Eq. (2) to be approximately 20 and 50
for the CO2 and NO2 setup, respectively. The total enhancement factor for the CO2 and NO2
measurements is approximately 1200 and 1500, respectively, compared with a simple single
pass non-resonant cell with the same incident optical power.
The SNR (PA signal over the background signal with no light or SBR) of the high concen-
tration CO2 measurements is approximately 4500. Note that in using pure CO2 the PA signal
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Fig. 4. Data for measurement on a 300 ppm NO2 mixture, SNR = 22 dB. (a) Sphere micro-
phone PA signal (black curve) and background signal (red curve). (b) Tube microphone PA
signal (black curve) and background signal (red curve) The eigenresonances are found at
approximately 740 Hz and 2500 Hz for the tube microphone. (c) Monitoring of a 300 ppm
NO2 concentration over 3.5 minutes resulting in a standard deviation of 0.9 ppm.
is saturated and therefore the SNR would be higher for pure CO2 if there were no saturation
effects. It is observed that by diluting the pure CO2 with atmospherical air so that the CO2 con-
centration is lowered to 20% we see that the PA signal size does not decrease. The saturation of
the PA signal occurs when the pump becomes depleted due to a highly dense gas, thus all light
is therefore absorbed in the first 20-30 cm of the integrating sphere. The mean light path length
of the sphere is approximately 1.2 m this gives therefore the same signal for a 20% CO2 mixture
with atmospheric air as for the pure CO2. The pressure is kept at atmospheric pressure at all
times. The absolute concentration and thus the sensitivity of the sensor is difficult to estimate
from this high concentration (pure) CO2. By observing the shift in the resonance frequency
due to the change in the speed of sound, which is 267 m/s and 343 m/s for pure CO2 and at-
mospherical air, respectively, it is estimated that the concentration is approximately 15% CO2.
With this SNR the minimum detectable CO2 concentration in the 2 µm region is approximately
30 ppm (SNR =1) for a single-shot. We would like to point out that the scope of this paper is to
demonstrate the signal enhancement due to the integrating sphere as simple kind of multi-pass
absorption cell and the further enhancement of the signal due to the attached organ pipe tube
and not to demonstrate an absolute sensitivity of the system. However, the sensitivity can easily
be enhanced by using higher optical power, better microphones and longer integrating time,
which would make the system comparable to state-of-art PA sensors.
The results of the NO2 measurements are shown in Fig. 4. The measurements are processed
with a lock-in amplifier with a integration time of 1 second. Fig. 4 (a) and (b) show the fre-
quency response, for the PA signals and background signals of the microphones attached to the
integrating sphere and the organ pipe tube, respectively. It is observed that the SNR is approxi-
mately 160 for the organ pipe tube signal at a modulation frequency of 740 Hz. The minimum
detectable NO2 concentration is therefore approximately 1.9 ppm (SNR =1). The largest con-
tribution to the background seems to originate from external ambient noise sources, such as
vacuum pumps and therefore the SNR is probably considerably higher (500 or more). A SNR
of 500 corresponds to a minimum detectable absorption coefficient of 3.8 ·10−7cm−1 Hz1/2
W−1 which is comparable to state-of-the-art PA NO2 measurements [32]. The SNR for the PA
signal measured with the sphere microphone is approximately 4 measured at 1500 Hz, thus the
minimum detectable NO2 concentration is approximately 75 ppm (SNR =1). This relatively
high background signal is due to the fact the microphone is placed inside the sphere and is
being heated by the incident light. On the other hand the tube microphone is protected from
the stray light by placing the microphone at the far end of the tube. The resonances of the tube
can be observed at 740 Hz and 2500 Hz as expected from the simulations discussed above.
The sphere has a resonances at approximately at 1500 Hz which was in good agreement with
the above discussed simulation. Note that the size of the total acoustic pressure strength and
hence the Q-factor of the peaks in the simulation does not agree very well with the experiment.
This is attributed to the fact that our simulation does not take damping and general loss fac-
tors into account. Fig. 4(c) shows results due to a continuously flow of 300 ppm NO2 through
the PA cell resulting in a standard deviation (STD) of 0.9 ppm for measurements during 3.5
minutes. The flow was maintained in order to keep the concentration at the same level while
photo-dissociation of the NO2 molecule was active. It is expected that the STD will be lower
by a factor of 10 if photo-dissociation were not present. By stopping the flow of NO2 into the
sphere the photochemical dissociation of the molecules becomes apparent and within 2 minutes
the concentration is lower by a factor 10.
3.2. Background Signal
These relatively high SNR/SBRs of the PA signals are slightly surprising since the mean re-
flectivity is only 95%(98%) for the 2 µm (405 nm) measurements and in the case of an empty
cell (no absorbance by gas) all incident light is absorbed in the cell walls (PTFE material). In
standard PAS experiments such a high level of background absorption would be detrimental to
the performance of the system. This surprising features is due to a combination of mechanisms,
namely the large light penetration depth, the low thermal diffusion length and heat conduction
to the outer aluminium casing of the integrating sphere. The light penetration depth is around
1.39 mm at a wavelength of 633 nm [33]. The diffusion length scale for pulsed heating is given
by [34]: µt = 2
√
αt, where α is the thermal diffusivity, which is 0.124 mm2/s for PTFE at 25
◦C and t is the pulse duration time. In our experiment the modulation frequency is around 700
Hz which leads to a diffusion length of approximately 27 µm. Thus the light that penetrates the
PTFE material deeper than 27 µm only contributes to the background absorption signal with
a constant DC heating component and does not contribute to an in-phase PA signal at 700 Hz.
The amount of absorbed light that contributes to the background signal is given by the ration
between the diffusion length and the penetration depth and is on the order of 2%. In our CO2 ex-
periment the average optical power is 2 mW, frequency of 700 Hz and with a 50-50 duty circle.
This would lead to a background signal of approximately 20 ppb. In comparison if we consider
aluminum as the cell material. Aluminum has a thermal diffusivity of 84 mm2/s, which leads
to a diffusion length of 700 µm, however since the optical penetrations depths is only a few
nm. Therefore diffusion effects will be neglectable and all of the absorbed light will contribute
to an in-phase PA signal. The background signal will in this case be approximately 50 times
larger than for the PTFE cell. Due to heat conduction and the insulation properties of the PTFE
material the background signal is attenuated further. This has been modeled using a COMSOL
simulation applying the heat transfer module, where it was assumed that 15 µm into the PTFE
layer the material is heated by 40 µK due to light absorption. From the simulation we find that
heating of the surface is ”only” approximately 5 µK. This is due to heat being conducted away
via the contact points to the aluminium outer casing of the integrating sphere.
These calculations together with the experimental results demonstrate that reduction of the
background signal of typical PA measurements can be addressed by careful choice of the cell
wall material in addition to carefully scatter-free optical designs. The heat diffusion and con-
duction mechanisms suggests that the integrating sphere based PA sensor may be used in the
region from 2500 - 3500 nm even though the reflection of the PTFE material is less than 90%.
This spectral region is very important for trace gas sensing, since the fundamental vibrations of
many molecules lie in this spectral region [2, 27].
4. Conclusion
The scope of the paper was to demonstrate the PA signal enhancement and the versatility of
an integrating sphere based PA sensor as a simple multi-pass absorption cell in combination
with an attached organ pipe tube for signal enhancement. A PA enhancement factor of approx-
imately 58(30) for CO2(NO2) in the case of resonant over non-resonant excitation has been
demonstrated as the result of attaching a 90 mm long organ pipe tube. Further enhancement
has been demonstrated due to the integrating sphere itself resulting in enhancement factors of
20(50) due increased path length. A total enhancement factor of approximately 1200(1500)
relative to a simple single pass non-resonant cell with the same incident optical power and mi-
crophones has been achieved. The minimum single-shot detectable CO2 concentration in the 2
µm region is approximately 30 ppm and a minimum detectable NO2 concentration of 1.9 ppm
both with a SNR=1 (or SBR=1). It is anticipated that the sensitivity can be further enhanced by
applying wavelength modulation techniques, more sensitive microphones, better acoustic insu-
lation, higher optical power and differential measurements, however, this is outside the scope
of this paper and will be the focus of the next generation sensor.
It has also been shown that the PA system can be decoupled from various background
noise sources, such as the in-phase background absorption signal due to thermal conduction
effects and heat diffusion. We believe this is an important result and it demonstrates that the
background signal issue of typically PA measurements can be approached from a direction
other than through careful scatter-free designs. In the region from 2500 - 3500 nm the reflection
of PTFE is less than 90%. Since we found that the background absorption signal is greatly
attenuated due to thermal conduction of heat away from the absorption cell we believe that the
integrating sphere based PA sensor might be used in the region up to 3700 nm. Even though
the reflectivity is relatively low. We foresee that this system can be made highly sensitive
and versatile at the same time and be very cheap to produce and therefore attract attention
as product in the rapidly growing sensor field for climate, environmental and industrial
monitoring.
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